Introduction
============

Until recently, both ophthalmologists and patients regarded removal of opaque lenses and correction of blurred vision to be the only goal of cataract surgery. Thus, a minor refractive error after cataract surgery was acceptable. However, as patients' expectations of postoperative refractive outcome have increased in recent years, merely correcting blurred vision is no longer a satisfactory outcome because patients expect less dependency on glasses after surgery. In a sense, cataract surgery is now considered a part of refractive surgery. Therefore, there is a need for more precise prediction of postoperative refraction and intraocular lens (IOL) power calculation.[@b1-opth-12-1913]--[@b3-opth-12-1913]

As third-generation IOL calculation formulas such as SRK/T and Hoffer Q do not include anterior chamber depth (ACD) and lens thickness (LT) as variables, which can change between pre- and post-pupil dilation, biometric measurements are most likely performed either pre- and post-pupil dilation.[@b4-opth-12-1913],[@b5-opth-12-1913] However, fourth-generation IOL calculation formulas such as Haigis and Holladay 2 include both ACD and LT as variables.[@b6-opth-12-1913]--[@b8-opth-12-1913]

Sympathetic nerve stimulation causes relaxation and contraction of the ciliary and dilator muscles, respectively. When the ciliary muscle is relaxed, the suspensory ligaments are taut, which cause the lens to be thinner; thus, ACD becomes deeper. Although the degree of this phenomenon varies from patient to patient, the change in ACD may influence predicted postoperative refraction (PPR) and recommended IOL power calculated by power calculation formulas. However, in most cases, the effect of pupil dilation is still not considered serious enough. Given how important precise prediction of postoperative refraction is, it may be worth analyzing the influence of pupil dilation on PPR and recommended IOL by third- and fourth-generation IOL calculation formulas.

The purpose of this study was thus to evaluate the influence of pupil dilation on biometric measurement and recommended IOL power calculated by third- and fourth-generation formulas. The correlation between all variables was also analyzed.

Methods
=======

This retrospective study comprises 162 eyes from 87 patients with cataract who underwent uneventful phacoemulsification with IOL implantation (SN60WF, Alcon Laboratories, Inc., Fort Worth, TX, USA) at Yokohama Tsurumi Chuoh Eye Clinic or Yokosuka Chuoh Eye Clinic in Japan. This study was approved by the ethical committees of both institutes (Yokohama Tsurumi Chuoh Eye Clinic and Yokosuka Chuoh Eye Clinic). Patients gave consent to review their medical records for this study. Patients with good quality IOL Master 700 (Carl Zeiss Meditec AG, Jena, Germany) measurements and postoperative best-corrected visual acuities higher than 20/40 were included in this study. Patients with a history of traumatic or uveitis cataracts, intraocular or corneal operation, and intra- or postoperative complications were excluded.

Preoperatively, biometric measurements of axial length (AL), ACD, and LT were obtained with IOL Master 700. PPR and recommended IOL power for SN60WF (Alcon Laboratories, Inc.) were calculated by third-generation (Hoffer Q and SRK/T) and fourth-generation (Haigis and Holladay 2) IOL calculation formulas. A constant of 119.0 for SN60WF provided by the User Group for Laser Interference Biometry was used. After the first measurement, topical tropicamide and phenylephrine (Midrin-P^®^, Santen, Osaka, Japan) was administered every 15 minutes until full pupil dilation. Then, the second measurement for the same variables was performed. All data collection adhered to the tenets of the Declaration of Helsinki. Patient provided written informed consent for their participation and publication of this study.

After all variables were measured or calculated pre- and post-pupil dilation, mean absolute change in PPR in each formula and mean change in ACD and LT were analyzed. Based on the above data, correlation between the change in PPR and the change in ACD and LT was also analyzed. We also analyzed the influence of pupil dilation on recommended IOL power.

Wilcoxon signed-rank test was used to compare ACD, LT, and PPR between pre- and post-pupil dilation and to compare changes in PPR pre- and post-pupil dilation between IOL power calculation formulas. Spearman's rank-order correlation test was applied to assess the strength of association between ACD or LT pre-pupil dilation and changes in ACD or LT pre- and post-pupil dilation and to assess the strength of association between changes in PPR and changes in ACD or LT pre- and post-pupil dilation. A deviation of ≤±0.5D in recommended IOL power calculation was considered acceptable, and Fisher's exact test was used to compare the coincidence of recommended IOL power calculated by third-and fourth-generation calculation formulas between pre- and post-pupil dilation. *P*\<0.05 was considered statistically significant. All statistical analyses were performed using Bell Curve for Excel, version 1.03 (Social Survey Research Information Co., Ltd., Tokyo, Japan).

Results
=======

The clinical characteristics of the 87 study patients are shown in [Table 1](#t1-opth-12-1913){ref-type="table"}. The mean patient age was 72.9±7.7 years (range: 51--87 years), and 39.6% of patients were male. For the 162 eyes assessed in this study, the average preoperative AL, ACD, and LT were 23.94±1.51 mm (range: 21.62--28.87 mm), 3.09±0.43 mm (range: 2.01--4.90 mm), and 4.61±0.45 mm (range: 3.44--6.28 mm), respectively.

[Table 2](#t2-opth-12-1913){ref-type="table"} shows the effect of pupil dilation on ACD and LT. Pupil dilation significantly affected ACD and LT (*P*\<0.0001). The ACD increased and LT decreased after pupil dilation. Changes in ACD between pre- and post-pupil dilation showed a significantly positive correlation with the deepening of ACD predilation (Spearman's rho = 0.24, *P*=0.0022), whereas changes in LT between pre-and post-pupil dilation did not show a correlation with the size of LT predilation (Spearman's rho = −0.074, *P*=0.35) ([Figure 1](#f1-opth-12-1913){ref-type="fig"}). On the contrary, AL did not show a significant change between pre- and postdilation. We assessed the mean absolute change between pre- and post-pupil dilation PPR among the four formulas ([Table 3](#t3-opth-12-1913){ref-type="table"}). The results showed that calculated values using Haigis (0.039±0.026) and Holladay 2 (0.038±0.023) were significantly higher than those using Hoffer Q (0.0072±0.0070) and SRK/T (0.0050±0.0055) (*P*\<0.0001). Changes in pre- and postdilation PPR showed a significantly positive correlation with changes in pre- and postdilation ACD with both Haigis and Holladay 2 (Spearman's rho = 0.95, *P*\<0.0001), whereas this correlation was not observed for Hoffer Q and SRK/T (Spearman's rho = −0.0084 and −0.016, respectively) ([Figure 2](#f2-opth-12-1913){ref-type="fig"}). However, changes in pre- and postdilation PPR demonstrated a significantly negative correlation with the change in pre- and postdilation LT with both Haigis and Holladay 2 (Spearman's rho = −0.45 and −0.42, respectively; *P*\<0.0001); this correlation was not shown for Hoffer Q and SRK/T (Spearman's rho = −0.096, −0.0078, respectively) ([Figure 3](#f3-opth-12-1913){ref-type="fig"}).

[Table 4](#t4-opth-12-1913){ref-type="table"} shows the result of the coincidence of recommended IOL power between pre- and post-pupil dilation calculated by the same formulas. Recommended IOL power calculated using Haigis and Holladay 2 changed between pre- and postdilation in 7.4% and 8.6% of the assessed eyes, respectively, whereas Hoffer Q and SRK/T showed no or few changes (0.1% in Hoffer Q and 0.0% in SRK/T). The discrepancy rates of recommended IOL power between pre- and post-pupil dilation calculated by the fourth-generation formulas were significantly higher than those calculated by the third-generation formulas (*P*\<0.0001).

Discussion
==========

Pupil dilation is an important part of preoperative ophthalmic examination. In addition, the choice of IOL calculation formula is vital to improve the accuracy of PPR. Although both third- and fourth-generation formulas are commonly used, physicians' preference of these formulas varies from country to country. Thus far, only few studies have explored the influence of pupil dilation on biometric measurement, PPR, and recommended IOL power calculated by all available formulas. Even in regular clinical settings, it is challenging to assertively say whether the effect of pupil dilation is considered based on the available literature. Thus, the purpose of our study was to determine the possible influence of pupil dilation not only on ACD and LT but also on PPR and recommended IOL power calculated by third- and fourth-generation formulas.

A number of studies have reported the influence of pupil dilation on biometric measurements. Cheung et al,[@b9-opth-12-1913] Huang et al,[@b10-opth-12-1913] and Sheng et al[@b11-opth-12-1913] found that AL was not significantly affected by pupil dilation. Arriola-Villalobos et al[@b12-opth-12-1913] observed no change in corneal curvature radius after dilation, but Saitoh et al[@b13-opth-12-1913] demonstrated that pupil dilation could influence corneal curvature radius. Khambhiphant et al[@b14-opth-12-1913] showed that ACD was significantly influenced by pupil dilation. Similar results were reported by other studies.[@b9-opth-12-1913]--[@b11-opth-12-1913],[@b15-opth-12-1913] Thus, most studies found a significant influence of pupil dilation on ACD. We did not find any relevant publication that addressed the pupil's influence on LT and/or the correlation between the change in ACD and LT and the change between pre- and post-pupil dilation PPR. Both correlations were analyzed in this research. With regard to the influence of pupil dilation on IOL calculation formulas, the results of past studies vary depending on the kind of IOL calculation formula used. Khambhiphant et al[@b14-opth-12-1913] found significant differences in ACD after dilation, while the AL, corneal curvature radius, and SRK/T-calculated PPR did not change significantly. They concluded that since SRK/T does not use ACD as a parameter, pupil dilation does not need to be taken into consideration for SRK/T, which is the most commonly used third-generation IOL calculation formula. Adler et al[@b16-opth-12-1913] showed a similar result. Regarding the fourth-generation formulas, Rodriguez-Raton et al[@b17-opth-12-1913] presented that pupil dilation caused significant increase in ACD, and PPR calculated by the Haigis formula also showed a significant change. They discussed how these changes resulted in recommended IOL power prediction according to the Haigis formula, which uses ACD to calculate the effective lens position (ELP). On the contrary, Arriola-Villalobos et al[@b18-opth-12-1913] found that PPR calculated by the Holladay 2 formula did not significantly change between pre- and post-pupil dilation. However, the availability of published literature on the influence of pupil dilation on PPR and recommended IOL using fourth-generation formulas is still less than that of third-generation formulas.

As above, the influence of pupil dilation on PPR can vary from formula to formula, as IOL calculation formula includes different variables. Thus, it is important to know the components of third- and fourth-generation formulas to discuss the influence of pupil dilation on PPR and recommended IOL. Fyodorov and Kolinko formulated the first IOL calculation formula in 1967.[@b19-opth-12-1913] Most third-generation theoretical IOL calculation formulas including SRK/T and Hoffer Q were formulated based on Fyodorov's formula.

SRK/T was formulated by Retzlaff et al in 1990.[@b4-opth-12-1913] Although the formula is very complicated, the key point to understanding it is that ELP is predicted based on corneal curvature radius and AL. The other third-generation formula -- Hoffer Q -- also uses corneal curvature radius and AL to estimate ELP.[@b5-opth-12-1913] One of the major differences between these formulas is that while SRK/T uses the Pythagorean theorem, Hoffer Q uses trigonometric function to calculate ELP.

Fourth-generation IOL calculation formula is also a theoretical formula. Holladay 2 was introduced by Holladay in 1996.[@b7-opth-12-1913] Although the details of the composition of Holladay 2 are not publicly available, the formula includes AL, corneal curvature radius, transverse corneal diameter, age, sex, and preoperative ACD to predict ELP. Haigis was published in 2004.[@b6-opth-12-1913] Like Holladay 2, the details of Haigis are not very well-known; however, one of the major characteristic features of Haigis is the use of preoperative ACD and AL with a regression equation to calculate ELP, instead of the corneal curvature radius.

Thus, while third-generation formula does not use ACD to predict ELP, fourth-generation formula does. Therefore, as reported by several previous studies, it is clearly understood why PPR is not influenced by pupil dilation in the third-generation formula, rather only in the fourth-generation formula. Furthermore, it is yet unclear whether LT is included in the fourth-generation formula, although it did show a significant decrease between pre- and postdilation in our study.

In our study, we also determined the role of changes in ACD and LT after pupil dilation in third- and fourth-generation IOL calculation formulas. ACD increased and LT decreased significantly after pupil dilation. The mean absolute change in pre- and postdilation PPR by using fourth-generation formulas was significantly higher than that obtained by using third-generation formulas. Our study also presented that in the fourth-generation formulas, there was a significant positive correlation between the change in PPR and the change in ACD, whereas the change in PPR showed significant negative correlation with the change in LT. These correlations were not seen in third-generation formulas. This analysis indicated that ACD and LT can play important roles to calculate postoperative refraction in fourth-generation formulas, but not in third-generation formulas. Furthermore, in fourth-generation formulas, in 15.4% of cases, the change in PPR was large enough to change the recommended IOL power; this was not the case with third-generation formulas, which could affect the doctor's selection of IOL.

Thus, IOL calculation using fourth-generation formulas was significantly influenced by pupil dilation. However, in reality, this influence is not necessarily taken into consideration when preoperative tests are performed. Given the fact that cataract surgeries are now considered a part of refractive surgery, in-depth knowledge of the influence of pupil dilation on fourth-generation formulas is vital to improve IOL calculation.

One of the limitations of this study is that we did not investigate the influence of pupil dilation on prediction error in refraction. This additional procedure may enable optimization of the constant for measurement with or without pupil dilation, which is likely more useful to improve the accuracy of IOL power calculation. We plan to include this investigation in our future research.

This study was presented on February 8, 2017, at the Meeting of Associated Research Vision of Ophthalmology Asia (ARVO-Asia), Brisbane Convention and Exhibition Centre, Brisbane, Australia.
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###### 

Clinical characteristics of the study patients (n=87)

  Parameters                   Mean[a](#tfn1-opth-12-1913){ref-type="table-fn"} (range)
  ---------------------------- ----------------------------------------------------------
  Male, %                      39.6
  Age, years                   72.9±7.7 (51--87)
  Axial length, mm             23.94±1.51 (21.62--28.87)
  Anterior chamber depth, mm   3.09±0.43 (2.01--4.90)
  Lens thickness, mm           4.61±0.45 (3.44--6.28)

**Note:**

Data presented are mean±SD.

###### 

Effect of pupil dilation on axial length, anterior chamber depth, and lens thickness

  Parameters               Mean,[a](#tfn3-opth-12-1913){ref-type="table-fn"} mm   Mean difference post-minus predilation, mm   Number of eyes                              
  ------------------------ ------------------------------------------------------ -------------------------------------------- ---------------- ------------- ------------ -------------
  Anterior chamber depth   3.09±0.43                                              3.14±0.41                                    0.07±0.04        2 (1.2%)      2 (1.2%)     158 (97.5%)
  Lens thickness           4.61±0.45                                              4.59±0.45                                    −0.02±0.02       137 (84.6%)   21 (13.0%)   4 (2.5%)

**Notes:** *P*\<0.0001 for changes in anterior chamber depth and lens thickness between pre- and post-pupil dilation.

Data presented are mean±standard deviations.

D is the difference post- minus predilation.

###### 

Mean absolute change in predicted postoperative refraction between pre- and post-pupil dilation in the four formulas

  Formulas                         Mean absolute change,[a](#tfn6-opth-12-1913){ref-type="table-fn"} diopter
  ------------------- ------------ ---------------------------------------------------------------------------
  Third generation    Hoffer Q     0.0072±0.0070
                      SRK/T        0.0050±0.0055
  Fourth generation   Haigis       0.039±0.026
                      Holladay 2   0.038±0.023

**Notes:** *P*\<0.0001 for Hoffer Q or SRK/T vs Haigis or Holladay 2.

Data presented are mean±SD.

###### 

Coincidence of recommended IOL power between pre- and post-pupil dilation in the four formulas

  Coincidence   Number of eyes                                
  ------------- ---------------- -------------- ------------- -------------
  Yes           161 (99.4%)      162 (100.0%)   150 (92.6%)   148 (91.4%)
  No            1 (0.6%)         0 (0.0%)       12 (7.4%)     14 (8.6%)

**Note:** *P*=0.0029 for Hoffer Q vs Haigis, *P*=0.00076 for Hoffer Q vs Holladay 2, *P*=0.00040 for SRK/T vs Haigis, and *P*\<0.0001 for SRK/T vs Holladay 2.

**Abbreviation:** IOL, intraocular lens.
